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Abstract: Further to our previous work on ideal metal oxide (MO) hetero-junction solar cells, a 
systematic simulation has been carried out to investigate the effects of defects and interface states on 
the cells. Two structures of the Window/Absorber (WA) and Window/Absorber/Voltage-enhancer 
(WAV) were modelled with defect concentration, defect energy level, interface state (ISt) density and 
ISt energy level as parameters. The simulation showed that the defects in the window-layer and the 
voltage-enhancer-layer have very limited effects on the performance of the cells, but those in the 
absorption layer have prefunded effects on the cell performance. The interface states at the W/A 
interface have a limited effect on the performance even for a density up to 1013 cm-2, while those at the 
A/V interface deteriorate the solar cell severely even at a low density of lower than 1 x 1011 cm-2. It 
also showed that the back surface field (BSF) induced by band gap off-set in the WAV structure loses 
its function when defects with a modest concentration exist in the absorption layer and does not 
improve the open voltage at all. 
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1. Introduction 
Photovoltaic (PV) devices become increasingly important due to energy crisis, exhaustion of 
natural fossil fuels and environmental problems. Currently, commercially available PV 
devices are dominated by silicon-based PV cells either in bulk or in thin film format. They 
face the problems of high production cost and continuous increase of the price for high purity 
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materials. This is worsened by the ever increasing demand for high grade Si-materials for 
microelectronics. The ways to solve these problems are either to improve solar cell 
efficiencies, to improve/develop new fabrication processes, or to develop new low-cost, high 
efficiency PV materials and structures.  
Metal oxide semiconductors have received great attention for PV cell applications recently 
owing to the variety of materials, energy band gaps and structures. Raw materials for metal 
oxides are abundant in nature and MO semiconductors are easy to synthesize. MO 
semiconductors are potential alternative semiconductors for PV device applications, not even 
to mention that they have many other applications such as transparent conductive oxides [1-
3] and photo catalysts [4,5]. For instance, the bandgap of copper oxides (CuO and Cu2O) are 
close to the optimal energy bandgap for PV applications, while that of others such as ZnO 
and TiO2 are similar to those of wide bandgap III-V semiconductors, therefore MO 
semiconductors and combinations of them may provide many choices for the development of 
low-cost, high-efficiency solar cells [6- 9].  
We have conducted a systematic theoretical study for MO solar cells [10], and have shown 
that an ideal TiO2/CuO two layer solar cell, the so-called window/absorber (WA) structure, 
can have a theoretical efficiency up to EFF ~ 15.76% with a short circuit current of JSC ~ 
30.97 mA/cm2, an open circuit voltage of VOC ~ 0.62 V, comparable to most of currently 
existing PV cells. When a thin layer of a wide bandgap Cu2O layer is added at the back of the 
CuO absorber to form the window/absorber/voltage-enhancer (WAV) three layer structure; 
the cell efficiency could be drastically increased up to 26.82% owing to the significant back 
surface field (BSF) effect. The efficiency of this WAV solar cells with a film thickness of 1.6 
µm is comparable to the limitation of bulk Si PV cells, clearly demonstrated its great 
potential for PV applications. 
In reality, solar cell performances normally are not as good as theoretical prediction for the 
ideal cases as there always exist impurities, defects and interface states in the device. Defects 
introduce deep level recombination centres, causing Shockley-Read-Hall (SRH) 
recombination which deteriorates the cell performance significantly. The type and the degree 
of conductivities of most MO semiconductors are typically determined by the densities of 
vacancies and interstitials of oxygen or metal, and there are high densities of impurities as 
well since the technology is still not well developed for the synthesis of high quality MO 
semiconductors yet. MO materials normally have a very low doping concentration and high 
defect densities. These defects and impurities will change the doping concentration, hence 
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affect the cell performance severely, and not even to mention the recombination through 
these defect centres. Furthermore, the interface state density could be very high due to the 
large lattice mismatch between the two materials used to form MO heterostructure cells 
which will cause serious problems for the devices such as recombination and tunnelling. 
Therefore, it is necessary to conduct a systematic investigation on MO semiconductor solar 
cells with defects and ISt considered in the model to study the feasibility and potential 
problems of the MO solar cells, to understand how the defects and the interface states affect 
the performance, and what measures can be taken for better structures and performance. As a 
continuous work of our previous study [10], this paper report the simulation of MO solar cells 
with defects and interface states, with focus on the same TiO2/CuO and TiO2/CuO/Cu2O cell 
structures. 
 
2. Devices structures and models 
The simulation was conducted using a numerical software AFORS-HET by Hahn-Meitner-
Institute Berlin. The two layer TiO2/CuO structure consists of a wide bandgap window layer 
(W-layer) and an absorption layer (A-layer), while the three layer TiO2/CuO/Cu2O structure 
has a back layer (V-layer) added next to the A-layer to enhance the open voltage, VOC, as 
discussed in our previous paper [10]. The structural configurations of the two cell structures 
are shown in figure 1. They are both optimised through our previous work with the settings of 
the device structures summarized in Table 1. In all the simulation cases, both the front and 
back contacts are set as the ‘flatband’, which represents an ideal Ohmic contact without 
surface field induced by heavy surface doping. 
AMPS-1D software was used in our previous study which does not support the interface state 
model, AFORS-HET software was then used in this study to investigate the effects of the 
defects and interface, based on the ideal simulations. A comparison between the simulation 
results for ideal cells was firstly made to see any difference in performances, and the results 
show that both simulations give similar results for all the parameters, except JSC which from 
AFORS-HET are approximately 10 ~ 15% lower than that obtained from AMPS-1D 
simulation, mainly caused by the different settings of AM1.5 illumination intensity and light-
absorption models in these software. The trends of cell performance with the doping 
concentration, layer thicknesses etc are the same, therefore, the results shown here have a 
general meaning, independent of software used. 
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Table 1 Simulation settings for each material optimized ideal model. 
*Note: Absorption coefficient (cm-1) is not a fixed value but varies with wave length. The table shows a range of 
absorption coefficient estimated from the ‘n-k files’ of each material using equation . 
 
 
Figure 1. Structure configurations of the ideal WA (a) and WAV (b) solar cells. 
 
For modelling, we assume the defects have a donor-like or acceptor-like nature with a 
Gaussian distribution (σ = 0.15) as follows, 
    (1) 
where Nt(E) is the distribution of defects at an energy level E, Nt0 is the maximum defect 
density at the central energy level E0 and σ is the distribution constant. For simplicity, the 
electron and hole capture cross-sections are all set to be cn = 1 x 10-15 cm-2 and cp = 1 x 10-14 
 W (n+) A (p) V (WAV) (p) 
Thickness (nm) 100 1500 100 
Acceptor concentration (cm-3) 0 1.0x1016 1.0x1017 
Donor concentration (cm-3) 1.0x1019 0 0 
Band gap (eV) 3.0 1.2 2.1 
Electron affinity (eV) 3.9 4.07 3.2 
Relative permittivity 86 18.1 9 
Hole mobility (cm2/V-s) 20 10 40 
Electron mobility (cm2/V-s) 10 0.1 20 
Hole thermal velocity (cm/s) 2.99x106 4.16x106 1.53x107 
Electron thermal velocity (cm/s) 6.72x106 1.1x107 8.55x107 
Effective density of states in conduction band 
(cm-3) 1.32x1020 3.0x1019 2.02x1018 
Effective density of states in valance band 
(cm-3) 
Absorption coefficient (cm-1)* 
1.50x1021 
5x104 
5.54x1020 
1x104~5x105 
1.11x1019 
5x103~5x105 
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cm-2 for acceptor-like defects and cn = 1 x 10-14 cm-2 and cp = 1 x 10-15 cm-2 for donor-like 
defects if they are not further explained.  
The ‘Thermionic Emission’ model is used to simulate the effect of interface states on the 
performance, i.e. carriers transported across the hetero-junction following the thermionic 
emission over an energy barrier at the interface will contribute to the recombination process. 
The interface states have similar properties as ‘defects’ in the semiconductor layers, and 
behave as donor-like or acceptor-like defects. The capture cross-sections for both types of the 
interface states are all set to be the same, cn = cp = 1 x 10-13 cm-2 for simplicity unless 
specifically investigated. They are assumed to have a Gaussian distribution with σ = 0.05. 
 
3.  Results and Discussions 
3.1 Device performance without defect and interface state effects 
The ideal cases with no defects and interface states were reported in our previous work using 
AMPS-1D software [10]. As there are different settings in AMPS-1D and AFORS-HET, a 
simulation is then performed using the latter to see the difference in the results with the 
settings summarized in Table 1. Simulation using AFORS-HET software shows that the ideal 
TiO2/CuO WA cell has the performance of VOC ~ 0.62 V, JSC ~ 26.10 mA/cm2, FF ~ 0.83 and 
EFF ~ 13.37%, and the TiO2/CuO/Cu2O WAV cell has VOC ~ 1.08 V, JSC ~ 26.58 mA/cm2, FF 
~ 0.82 and EFF ~ 23.36%. All these results are in agreement with our previous study [10], 
with approximately ~ 10% difference in JSC due to the different settings for the illumination 
and absorption. Similarly the WAV structure shows approximately 70% improvement in VOC 
over the WA structure as obtained by AMPS-1D model.  
3.2 Effect of defects  
3.2.1 Defects in W-layer (WA structure) 
Donor-like defects were firstly introduced into the n-type TiO2 window layer. We assume the 
defect energy level is at E0 = 0.56 eV above the valence band edge EV of the TiO2 (denoted as 
E0 = 0.56eV+EV, hereafter same for the defects and interface states). It was found that the 
defects in the window layer have a negligible effect on the performance of the solar cell when 
the density was varied from 1 x 1014 cm-3 to 1 x 1018 cm-3. Similarly, for a fixed defect 
density, e.g. 1 x 1017 cm-3, varying the defect energy level at 1.06, 1.56, 2.06 and 2.56 eV 
above the EV shows no effect on the device performance as well. When the type of the 
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defects changes to the acceptor-like defects, the performance of the device was found again 
not being affected but maintaining at the same values as those of the ideal solar cells. 
Therefore, we can conclude that the defects in the heavily doped W-layer do not have an 
obvious effect on the performance. The reason is that the W-layer does not play a big role in 
absorbing the solar spectrum, and is mostly used to provide the conducting path, (only 
electrons are transported in this n++-type W-layer). The heavy doping concentration also 
makes the W-layer a “metallic” like material and there is almost no depletion region. 
Therefore, the defects have no noticeable effect on the cell performance. 
3.2.2 Defects in A-layer (WA structure) 
Defects in the A-layer, however, were found to have a significant effect on the performance 
of cells. Figure 2(a) and 2(b) show the effect of defects on the cell performance as a function 
of defect density for both acceptor-like and donor-like defects with the assumption of the 
defects having an energy level at 0.56eV+EV of the CuO layer. All the performance 
parameters decrease rapidly with increase in defect density for both the acceptor-like and 
donor-like defects, even at a very low density of 1014 ~ 10-15 cm-3. Generally speaking, when 
the concentrations of the defects are comparable to, or higher than the doping concentration 
(5 x 1016 cm-3) of the A-layer, the performance of the cells deteriorates severely with the 
efficiency less than 30% of the ideal case due to the SRH recombination through these 
defects. As expected, the cells can no longer function when the defect concentration is higher 
than the doping concentration as it becomes semi-insulating, and the cell becomes n-
type/insulating structure, not a proper n/p junction. 
It is interesting to see the effect of the defect location on the performance as it may assist to 
clarify the recombination mechanism. The 1500 nm CuO A-layer is then divided into two 
even regions of 750nm thick, and each layer has either the acceptor-like defects or the donor-
like defects with both of the energy levels fixed at 0.56eV+EV of the CuO layer. The 
simulated results are also summarized in figure 2 for comparison. Figure 2(a) shows that the 
defects in the front half-layer (red triangles) have a similar effect to the defects distributed 
uniformly within the whole layer, while the defects in the back half-layer (blue diamonds) 
has a limited effect on the performance. This indicates that the most serious recombination 
through defects occurs in the region near the junction, while those far away from the p/n 
junction play no significant role in recombination.  
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Figure 2. Performance of the WA two layer cell as a function of acceptor-like (a) and donor-like defects (b) in 
CuO A-layer. 
 
These behaviours can be explained by the location of recombination. Figure 3 and figure 4 
show the recombination profiles across the device with 5 x 1016 cm-3 acceptor-like defects in 
the A-layer under front and back illumination respectively. The other settings are the same as 
those in figure 2. Figure 3 indicates the recombination rate near the junction region (within 
0.2 µm) in the A-layer is more than two orders of magnitude higher than those in the rest part 
of the A-layer, implying effective recombination only occurs in the depletion region in the A-
layer where high concentration of photo-generated carriers and built-in electric field exist. 
Figure 4 is the recombination profile under back-illumination, showing a high recombination 
rate at the back surface region, decreases rapidly with increase in the distance from the back 
surface, and then increases again as approaching the p/n junction region. The high 
recombination rate at the back surface is due to the high photo-generated carrier 
concentration, while that near the junction is due to the existence of the built-in field. Both 
the results show that the high electric field and high photo-generated carrier concentration are 
the most important factors affecting the recombination rate. These clearly explain why the 
defects in the back region do not affect the performance significantly as shown in figure 2.  
Figure 2(b) shows the effect of donor-like defects on the performance of a cell. Similar to that 
of the acceptor-like defects, the donor-like defects also have a significant negative effect on 
the performance of a cell, all the performance parameters decrease steadily with increase in 
defect concentration due to SRH recombination. But the donor-like defects in the back half 
layer has a much larger effect on the performance than that of the acceptor-like defects.  
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Figure 3. Recombination profile in the WA structure with 5 x 1016 cm-3 acceptor defects under front 
illumination. 
 
Figure 4. Recombination profile in the WA structure with 5x1016cm-3 acceptor defects under back-illumination.  
 
The doping concentration also plays an important role in defect-related deterioration of cell 
performance, especially for MO semiconductors that typically have a very high defect density 
and low conductivity. To clarify this, the cell performance was studied by fixing the defect 
concentration while varying the doping concentration in the A-layer. Similarly, we assume 
the acceptor-like defects have a Gaussian distribution with a concentration of 5 x 1015 cm-3 
and a fixed energy level of 0.56eV+EV. Figure 5 is the performance comparison for the cells 
with and without the acceptor-defects. It can be seen that the higher the doping concentration, 
the better the performance of a cell. When the doping concentration reaches about 1 x 1017 
cm-3, about 101 ~ 102 higher than the defect concentration, the performance of the cell does 
not deteriorate significantly as compared to that of an idea cell with no defects. When the 
defect concentration is comparable to, or higher than the doping concentration, the efficiency 
deteriorates drastically from ~ 15% to ~ 3%. This is because the majority of the photo-
generated carries are recombined, leaving no free carriers to conduct the electricity. However 
it has to be pointed out that there is a limitation in selecting the doping concentration for the 
A-layer for the solar cells, and the optimal concentration is around 1016 cm-3 as discussed in 
our previous work [10]. 
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Figure 5. Solar cell performances vs. CuO A-layer doping concentration, when A-layer is set constant acceptor-
like defect at 5 x 1015 cm-3 (black squares) and when A-layer is set free of defects (red triangles). 
 
3.2.3 Defects in Cu2O V-layer (WAV structure) 
The effect of the defects in the V-layer for the WAV solar cell was also investigated. Firstly 
we assume the W-layer and A-layer are free of defects, and the V-layer has Gaussian 
distributed acceptor-like defects with an energy level at 0.56eV+EV of the V-layer. The 
results show that the performance does not change noticeably on varying the defect 
concentration from 1 x 1014 cm-3 to 1 x 1018 cm-3, but similar to that of the ideal cell. 
Similarly, by varying the defect energy level to 1.05 eV and 1.60 eV above EV, the cell 
performance also shows no visible change. The reason for this can be explained by the 
function of the back surface field V-layer. The V-layer introduces a conduction band offset 
with the A-layer which acts as a barrier to block and reflect electrons to enhance the open 
voltage. As shown in figure 6, the WAV solar cell has a hole-dominant conduction in most of 
the region between the W/A interface and the A/V interface. In the ideal case, the electrons 
and holes have already effectively separated and transported to the front electrode and the 
A/V interfaces, respectively. No carriers diffuse to the V-layer; therefore no recombination 
occurs in the V-region even if there exist a high density of the defects. The results are 
consistent with those obtained above, i.e. defects near the junction are the effective 
recombination centres, while those in the neutral region do not affect the cell performance. 
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Figure 6. Current components of WA and WAV structure under a short circuit condition with no defect and ISt 
considered in the simulation.  
 
3.2.4 BSF effect when defects present 
According to the BSF theory, the back surface field effect is to block and reflect the diffusion 
of minority carriers [11]. It is therefore worthy to study the cases when there are not many 
diffusion carriers as in the ideal cases, such as when diffusion carriers are mostly captured by 
recombination centres on their way to the back interface. For this purpose, both the WA and 
WAV models were used for comparison. Similarly, we assume the A-layer has acceptor-like 
defects with a Gaussian distribution and an energy level of 0.56eV+EV. Figure 7 shows the 
cell performance as a function of defect concentration with the red triangles-line for the 
WAV cell, and the black squares-line for the WA cell, respectively.  
The performance of the WA solar cell remains almost unchanged at a defect density less than 
1013 cm-3 in the A-layer, and deteriorates rapidly as the defect concentration is increased 
above 1014 cm-3. Whereas the VOC of the WAV cell decreases steadily from 1.08 V to 0.67 V 
even from an extremely low defect density of 1010 cm-3, resulting in a continuous reduction in 
EFF. When the defect concentration is further increased, the performances of both the cells 
decrease and eventually that of the WAV cell become the same as that of the WA structure at 
a defect density higher than 1014 cm-3. The results indicate that the defects in the A-layer, 
even with a very low concentration (< 1 x 1013 cm-3), will effectively capture most the free 
carriers, and the BSF effect is suppressed severely. At a modest defect concentration, the V-
layer does not have any effect, and the cell has the same performance as the WA structure. 
The results imply that the VOC enhancement by the BSF effect can only be achieved when a 
very low density of defects exist in the depletion region of the A-layer. 
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Figure 7. Solar cell performances vs. A-layer acceptor-like defect density for WA and WAV structures. 
 
Realistically it is extremely difficult to achieve a material with defect concentrations as low 
as 1 x 1014 cm-3 or below, especially for MO semiconductors. The above results indicate that 
for such cells, a BSF layer on the back does not have a noticeable effect on the cell 
performance. Therefore it may not be necessary to consider the BSF layer for MO solar cells. 
However the BSF can also be realized by using differential doping which not only blocks and 
reflects minority carriers, but also enhances the diffusivity of majority carriers. The BSF 
effect induced by heavy doping will work as usual. Therefore, for MO solar cells, it is better 
to use the doping-type BSF rather than the band-offset for enhancement of performance.  
 
3.3 Effects of interface states  
3.3.1 Effects of TiO2/CuO interface states on the WA structure cell 
In this section, the effects of interface states located at the TiO2/CuO interface of the WA 
solar cell are investigated and discussed. We assume the interface states are acceptor-like 
states with a Gaussian distribution with different energy levels of EIST above EV of the A-
layer, while other parameters are set as in Table 1. The results are summarized in Figure 8.  
The cell performance initially decreases very slowly with increase in ISt density, NST, and 
then suddenly drops for each performance parameter as the ISt density increases further, 
showing a stepwise change. The threshold of the ISt density for the parameters to drop 
rapidly depends on the energy level, and it increases with increase in EIST+EV. The effect of 
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the interface states on JSC is especially strong, and JSC approaches zero at high ISt densities 
though VOC and FF remain some values at higher ISt density. VOC and FF show a reverse 
increase trend when the ISt density increases up to a certain level for some ISt energy levels, 
and is due to the strange band structure bending caused by a high ISt density assumed which 
is beyond the consideration of this paper. It is clear that ISt has the strongest effect on the 
performance when the ISt has an energy level near the middle gap (1.5 eV above EV) in either 
direction. With the energy level moves away from the middle gap, the interface state effect 
on the performance becomes less profound. The results show that for MO solar cells to work 
properly, the ISt density must be kept below 1013 cm-2. 
 
Figure 8. Cell performance vs. acceptor-like ISt density at the W/A interface as a function the energy level of 
NST, EIST, above the EV of the TiO2 W-layer.  
 
Different from the ideal cases, the doping concentration in the W-layer was found to 
influence the ISt effect on the performance. Figure 9 is the summary of the performance vs. 
ISt density, NST, at the W/A interface with doping concentration in the W-layer as a 
parameter. The settings are the same as that with EIST = 2.3eV shown in Figure 8 with varied 
carrier concentration in the W-layer. It is clearly seen that the threshold of the ISt density to 
affect the performance significantly increases with doping concentration in the W-layer. It is 
round 1014 cm-2 for a cell with a W-layer donor concentration of 1 x 1019 cm-3, and decreases 
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to a much lower density of 1 x 1012 cm-2 for the device with a donor concentration of 1 x 1016 
cm-3 (purple hollow squares) in the W-layer. This is because the depletion region in the W-
layer becomes much larger when a low doping concentration is used. There is a sufficient 
supply of photo-generated electrons and holes on both the n- and p-regions, leading to 
effective recombination through the interface states, hence resulting in a much worse 
performance for the cells. When the W-layer doping concentration increases, it forms a one-
sided abrupt junction. The recombination through the interface states is not efficient due to 
short supply of holes and the increased barrier for holes to overcome before the 
recombination, leading to improved performance for the cells. Fortunately, it was clear from 
our previous work that the optimal doping for the W-layer is in the order of 1019 cm-3, 
therefore the interface states in the W/A interface may not affect the performance 
significantly. 
   
Figure 9. Performance vs. interface states density at the W/A interface for solar cells with different W-layer 
doping concentrations. 
 
The recombination velocity, Vs, of ISt is directly related to the recombination rate, hence the 
performance. Vs is related to capture cross section, cs, by the following equation [12]: 
Vs = NstVthcs     (2) 
Where Nst is the maximum interface state density of the Gaussian-distribution and Vth is the 
thermal velocity. Normally both the interface state density and capture cross section are a 
function of ISt energy level, and the recombination velocity will vary accordingly. For 
simplicity, here we only consider the recombination velocity effect with a fixed density of Nst 
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= 7x10-12 cm-2 and a fixed energy level of 2.3 eV above the EV of the A-layer. Vth is the 
average value of electrons for both the TiO2 and CuO layers, while cs is varied from 1x10-13 
cm2 to 1x10-17 cm2. Figure 10 shows the performance as a function of recombination velocity 
for the cell shown in Figure 9 with a carrier concentration of 1x1016 cm-3 in the A-layer. As 
the interface recombination velocity is increased, both JSC and VOC decrease, but not rapidly. 
FF and the efficiency decrease firstly, and then increase slightly owing to the reduction of 
series resistance. The small effect of the recombination velocity on the performance is due to 
the thermoionic emission model used, in which only the electrons with sufficient energy to 
overcome the barrier will be recombined completely. The recombination process is a 
transportation-limited process, not a reaction-limited one. Also, the cell has a high doping in 
the W-layer, making the W/A interface an abrupt structure, less affected by the interface state 
as shown in Figure 8. For proper understanding of the effect of the recombination velocity, it 
is necessary to consider the distribution of ISt and capture cross section, the defect-assisted 
tunnelling etc. These will be the subject for further research.      
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Figure 10 Performance vs. interface recombination velocity for the interface state with a density of 7x1012 cm-2. 
 
3.3.2 Effect of CuO/Cu2O interface states on WAV structure cell 
Figure 11 shows the performance as a function of ISt density with acceptor concentration in 
the V-layer as a parameter. Similarly, we assume the interface state has a Gaussian-
distribution with the energy level at 0.8 eV above EV of the Cu2O layer. No interface state 
was assumed at the W/A interface in this case.  
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For the ideal case, the performance of a solar cell remain unchanged when the doping in the 
V-layer is varied from 1 x 1016 cm-3 to 1 x 1019 cm-3 [10]. However the interface states have a 
pronounced effect on the cell performance even at an extremely low density of 1 x 105 cm-2 ~ 
1 x 108 cm-2 that are almost not possible to achieve for any heterostructure. Although JSC and 
EFF remain almost unchanged for the ISt density up to 1011 cm-2, VOC and EFF decrease 
continuously with increase in ISt density for both the V-layer doping concentrations. VOC and 
EFF decrease to 0.58 V and 11.79% respectively when the ISt density increases up to 1x1011 
cm-2, and maintain almost flat at higher ISt densities, even worse than the ideal two layer WA 
cell structure (VOC ~ 0.62 V and EFF ~ 13.37%). The results imply that the interface states at 
the A/V interface have much stronger effects than those at the W/A interface, and it is not 
necessary to introduce a V-layer for MO cells if the ISt density at the A/V interface can not 
be minimized to a level lower than 1011cm-2, which is very difficult for most of 
heterostructures. Similarly increase in doping concentration in the V-layer can reduce the ISt 
effect on the performance of a cell. Very higher capture cross sections of 1x10-13 cm-2 were 
assumed for electrons and holes respectively, leading to very poor performance. This can be 
improved significantly if small capture cress sections are used for the electrons and holes.  
 
Figure 11. Correlation between the acceptor-like ISt density at the A/V interface and the performance of cells 
with different V-layer doping concentrations: 1x1016 cm-3 (black squares) and 1x1019 cm-3 (red crosses). 
 
The capture cross-sections to electrons (cn) and holes (cp) of the ISt also have a significant 
effect in recombination. The default cn and cp are all set to be 1 x 10-13 cm-2 for the above 
simulation, which means the ISt capture electrons and holes with the equal probability. If 
different capture cross sections were assumed for electron and hole interface states at the A/V 
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interface, for instance, cn = 1 x 10-16 cm-2 and cp = 1 x 10-13 cm-2, then the interface states will 
capture holes preferentially, and vice versa. The resultant performances for these two cases 
are very different as shown in Figure12 and it is also affected by the doping level.  
Figure 12(a) is the comparison of the I-V characteristics for the cells with different capture 
processes for a doping concentration of 1 x 1016 cm-3 in the V-layer. The doping 
concentration in the A-layer is 1x1016 cm-3, and the interface state has a Gaussian-distribution 
with the energy level at 0.8 eV above EV of the Cu2O layer. For the cell with the electron-
only-capturing or hole-only-capturing process, VOC is 0.70 V and 0.77 V respectively with 
slightly different JSC values. The cell with equal electron and hole capturing process is the 
combination of both capturing processes with the worst VOC of 0.60 V. This means donor-
like defects are more effective in capturing electrons than the acceptor-like defects, as 
expected. However, when the V-layer doping concentration increases to 1019 cm-3, the 
electron capturing process dominates as shown in Figure 12(b). However, both the electron-
capture defects and hole-capture defects are much less effective in recombination (both red 
solid cross curves and blue dotted triangle curves show higher VOC). Additionally, the cells 
with combined electron and hole capturing processes have a VOC ~ 0.72 V, almost identical to 
that by electron-only capturing process, much less than that by the hole-only-capturing 
process with a VOC ~ 0.89 V.  
 
 
Figure 12. I-V curves of the WAV solar cells with different V-layer doping concentrations: (a) 1 x 1016 cm-3 and 
(b) 1 x 1019 cm-3 when the ISt are able to effectively capture ‘both electrons and holes’ (black hollow squares), 
‘electrons-only’ (red cross) and ‘holes-only’ (blue hollow triangles). 
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3.4  Discussions on realistic simulations and fabrication requirements 
In order to clarify the mechanisms and effects of defects and interface states, only defects or 
interface states in one layer or at one interface were considered in the modelling. Defects and 
interface states co-exist in cells in reality, especially for MO heterostructure solar cells. The 
following paragraphs will give a brief estimation for the performance of MO hetero-junction 
solar cells. MO semiconductors contain large concentrations of oxygen or metal atom 
vacancies or interstitials. These defects will deteriorate the solar cell performance 
significantly, especially when they are in the A-layer. Based on the current Si technology 
[13,14], it is reasonable to assume that MO semiconductors to have defect densities in the 
range of 1 x 1015 ~ 1 x 1016 cm-3. The interface state density can be estimated briefly from the 
lattice mismatch of the semiconductors used. The lattice mismatch between the TiO2 
(anatase) and CuO is about 14.7%, and the corresponding ISt is estimated at the level of 1013 
cm-2. This is much higher than those of a commercial CdS/CdTe hetero-junction structure, ~ 
1 x 1011 cm-2 [15,16]. The ISt density may be reduced by passivation processes or use of an 
intermedium layer. Therefore, it is reasonable to assume a slightly higher ISt density of 5 x 
1011 ~ 5 x 1012 cm-2 for the MO hetero-junction WA and WAV solar cells.  
Table 2 Simulation settings for defects. 
 
Table 3 Simulation settings for interface states. 
 
 W (n+) A (p) V (WAV) (p+) 
Defects type Donor Acceptor Acceptor 
Concentration (cm-3) 1x1015 1x1015 1x1015 
Electron capture cross-section (cm2)   1x10-14 1x10-15 1x10-15 
Hole capture cross-section (cm2) 1x10-15 1x10-14 1x10-14 
Defect energy level above EV (eV) 1.5 0.6 0.8 
 W/A interface A/V interface 
ISt type Acceptor Acceptor 
Density (cm-2) 1x1012 1x1012 
Electron capture cross-section (cm2) 1x10-13 1x10-13 
Hole capture cross-section (cm2) 1x10-13 1x10-13 
Defect energy level above EV of A-layer (eV) 0.72 0.8 
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Based on these assumptions, the TiO2/CuO WA solar cell has been modelled with defect 
parameters summarized in Table 1, 2 and 3. For the first case of Table 1, a performance of 
VOC ~ 0.56 V, JSC ~ 23.40 mA/cm2, FF ~ 0.72 and EFF ~ 9.43% is achieved. By increasing the 
acceptor concentration near the back surface of the CuO A-layer, the BSF effect can improve 
the performance to VOC ~ 0.59 V, JSC ~ 24.60 mA/cm2, FF ~ 0.71 and EFF ~ 10.12%. For the 
TiO2/CuO/Cu2O WAV solar cell, the more realistic performance obtained are VOC ~ 0.58 V, 
JSC ~ 24.47 mA/cm2, FF~0.71 and EFF ~ 10.02% at a doping concentration of 1 x 1019 cm-3 for 
the V-layer.  
The device parameters shown in Table 1, 2 and 3 are the best achievable ones. If low defect 
and ISt density can not be obtained, then the performance of the MO solar cells will 
deteriorate significantly. Nevertheless it shows that the MO solar cells have a good potential 
for photovoltaic applications, as the efficiency of MO solar cells are compatible to those non-
Si thin film solar cells currently available, mostly the CdS/CdTe solar cells that have the 
problem of material exhaustion in the near future and extreme toxicity of the materials. 
However a large amount of technical problems need to be solved before any practical 
applications of MO solar cells.  
 
4. Conclusions 
A systematic modelling study on MO solar cells with defects and interface states has been 
conducted. It was found both the defects and interface states will deteriorate the solar cell 
performance severely. The conclusions can be drawn as follows; 
Defects in the window layer up to a high level of 1017 cm-3 shows no effect on the 
performance of MO solar cells. The defects in the absorption layer, especially in the depletion 
region, should be controlled as low as possible at least 101~102 times lower than the doping 
concentration. The back surface field effect induced by the conduction band offset of a 
heterostructure will lose its function of blocking and reflecting the minority carriers as the 
diffusion carries are mostly recombined before reaching the back interface. Therefore, only 
the BSF effect induced by heavy doping at the back surface may work. The interface states at 
the W/A interface have limited effect on the performance even for a density up to 1013 cm-2, 
but the interface states at the A/V interface will deteriorate the solar cell performance 
severely even at a low density of below 1 x 1011 cm-2. If the doping concentrations in the 
layers between the heterostructure are very different, then the interface state effects on the 
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performance can be reduced owing to the suppression of one capturing process by electrons 
or holes.  
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